9 10 Note to readers. -This manuscript has been seen by a few researchers, some of whom suggested that 11 before publishing our work in a peer-reviewed journal we should conduct simulations to demonstrate that 12 our methods properly estimate the contribution of variance in diversification rates to spatial variation in 13 species richness. Although we believe that our approach derives logically from theory and statistics and is 14 therefore valid, we understand that it is rather unique and see why some readers would think that an 15 independent validation is necessary. Unable to complete such validation in the near future, however, we 16 decided to make this manuscript available as a preprint to share our ideas and hopefully stimulate 17 discussion on what we believe is a most interesting topic. We also hope to receive feedback that may 18 enable us to improve our work for publication in a journal at a later date. 19 3 ABSTRACT 20
spatial variation in net diversification rates. We developed an approach using a time-calibrated phylogeny 23 and distributional data to estimate the maximum explanatory power of the DRH, over a given time period, 24 to current species richness in an area. We used this approach to study species richness patterns of a large 25 family of suboscine birds across South America. The maximum explanatory power of the DRH increased 26 with the duration of the time period considered and grain size; it ranged from 13 -37 fold local increases 27 in species richness for T = 33 Ma to less than 2-fold increases for T ≤ 10 Ma. For large grain sizes (≥ 8º × 28 8º) diversification rate over the last 10 Ma could account for all the spatial variance in species richness, 29 but for smaller grain sizes commonly used in biogeographical studies (1º x 1º), it could only explain < 30 is useful because spatial patterns of species richness are thought to be best explained by a combination of 66 several non-exclusive hypotheses that emphasize different processes (Brown 2014) , and further 67 understanding requires establishing the extent to which each hypothesis can account for different facets of 68 these patterns. Indeed, the explanatory power of any given hypothesis may depend on the temporal and 69 spatial scales considered ( structured geographically, then current spatial patterns of species richness could be determined more 77 strongly by early diversification than by recent diversification. Likewise, current richness patterns of 78 palms (Svenning et al. 2008 ) and birds (Fjeldså and Rahbek 2006 ; Thomas et al. 2008) in South America 79 could partly reflect spatial variation in diversification rates during the Neogene, spurred by the Andean 80 uplift, whereas spatial variation in Paleogene diversification rates may have left a weaker imprint on the 81 current spatial patterns of palm and bird richness. 82
83
In addition to the time window considered, the contribution of spatial variation in net diversification rates 84 to current patterns of species richness is likely to vary with spatial grain size and extent (Rahbek and 85 Graves 2001). Spatial variation in species richness measured using small grain sizes across small spatial 86 extents is likely determined mainly by the local influence of immigration and extinction (Rosenzweig 87 1995) . The net sum of speciation and extinction events is thought to become increasingly important as 88 spatial grain size (Rahbek and Graves 2001; Rosenzweig 1995) Here, we first describe a novel approach to assess the explanatory power of the DRH by addressing the 99 two quantitative questions posed above. Accordingly, we start by formally defining for any given time 100
(window for diversification) and spatial scale scale: (1) the contribution of net diversification to current 101 species richness in an area, and (2) the amount of spatial variance in current species richness that can be 102 statistically explained by the spatial pattern of net diversification rate. Then we describe estimators of 103 these two quantities, which can be obtained for any taxon and region given data on the current spatial 104 pattern of species richness and a dated phylogeny. We show that these estimators are biased: they 105 represent the maximum possible contribution of net diversification to current species richness in an area 106 and the maximum amount of spatial variance in current species richness that can be statistically explained 107 by the spatial pattern of net diversification rate, respectively. Therefore, these estimators quantify the 108 maximum possible explanatory power of the DRH, and of any related hypothesis proposing that current 109 spatial patterns of species richness are explained by the effect of environmental factors (such as energy 110 availability, topographic heterogeneity, biotic interactions or climatic oscillations) on diversification rates. 111 It follows that low estimate values would reject the DRH as a major explanation of spatial patterns of 112 species richness. Thus, despite their bias, the estimators we present can be used to empirically challenge 113 the DRH. 114
115
After introducing the approach, we present an empirical application using data on the spatial pattern of 116 species richness of the Furnariidae, a large radiation of Neotropical birds across South America in 117 conjunction with a time-calibrated phylogeny. In particular, we use various spatial grain sizes and several 118 time windows to measure the contribution of net diversification to spatial variation in species richness. 119
We show that the DRH may potentially explain much of the spatial variance in species richness as 120 measured over time windows extending ≥15 Ma into the past, but only minor portions of the spatial 121 variance over the last 10 Ma and measured at grain sizes commonly used in biogeography and 122 macroecology (1º × 1º). Thus, our results illustrate how our approach can expose severe limitations in the 123 explanatory power of the DRH. 124
125

METHODS 126
Definitions 127
We focus on addressing the two quantitative questions about the DRH posed in the introduction: (1) what 128 is the contribution of net diversification over a given time period to current species richness in an area?, 129 and (2) how much of the spatial variance in current species richness can be explained by the spatial 130 pattern of net diversification rate? In this section we formally define the quantities central to these 131 questions. 132
133
Contribution of net diversification to current species richness in an area. We start by defining the 134 contribution of net diversification from some past time (hereafter T) until the present to the species 135 richness of a group of organisms in any given region. Current species richness in a spatial sampling unit i 136 (species i ) is determined by species richness existing in that spatial unit at time T, and by the sum of where species iT is the number of species that occurred in sampling unit i at time T; speciation i is the 142 number of speciation events that took place since time T and were completely contained within the 143 sampling unit i or partly overlapped the sampling unit i; immigration i is the number of immigration events 144 into sampling unit i since time T; and extinction i is the number of extinction events within sampling unit i 145 since time T. In the right-hand side of equation 1 species richness at time T is added to the three types of 146 events that determine the gain and loss of species, thus describing the net accumulation (or loss) of 147 species in spatial sampling unit i since time T until the present. Note that a single speciation event may 148 overlap several sampling units and, therefore, may increase species richness in various sampling units 149 ( Fig. S1 ). Thus, our approach does not assume that speciation events can be referred uniquely to any 150 particular sampling unit. We also stress that extinction i encompasses both global and local extinction. In 151 the latter case, species disappear from sampling unit i but still occur outside it. Therefore, extinction i and 152 immigration i account for local changes in species richness owing to shifts of species' geographic 153 distributions (Jablonski et al. 2006) . The quantity species id is the increase of species i due to net diversification since time T. As such, it is the 161
net balance of extinction and speciation events occurring (fully or partially) within sampling unit i, 162 divided by the initial number of species that had the potential to undergo speciation or extinction in 163 sampling unit i after time T. This initial number of species includes not only all species present in 164 sampling unit i at time T (i.e., species iT ), but also all species that immigrated into sampling unit i after T 165 (i.e., immigration i ). Because species id is expressed as a proportion of the initial number of species, it can 166 be thought of as a measure of the proportional increase of species i due to diversification, analogous to 167 parameters measuring proportional increase in the number of individuals in population biology (Gotelli 168 2008) . The proportional increase of species i due to diversification could, in principle, be defined over 
where is the spatial variance across the study area of the initial 187 number of species that had the potential to undergo speciation or extinction after time T; 188 is the contribution of spatial variation in net diversification after time T ( 189 ) to the current spatial pattern of species richness; and 190 is the covariance of the previous two terms. 191
The second term in the right-hand side of equation 4 is the amount of spatial variance in current species 192 richness that is statistically explained by the spatial pattern of net diversification rate. This amount can be 193 expressed as the ratio of spatial variance in species richness to spatial variance in : Var log species i ( ) where clades iT is the number of clades that (a) originated from branches on a phylogenetic tree that 213 intersect time T and (b) currently occur in sampling unit i (Fig. 1) . Approximating the sum of species iT 214 and immigration i (in equation 2) to clades iT (in equation 5) introduces bias in the estimate of species id . In 215 particular, there are two (and only two) differences between and : unlike 216 , assumes (1) that immigration i = 0 and (2) that none of the species that occurred in 217 sampling unit i at time T went extinct leaving no descendants in sampling unit i, so that species iT = 218 clades iT . If these two assumptions are met, then species i would always be greater than or equal to clades iT , 219
and clades iT would equal species iT + immigration i . Therefore, in contrast to , can 220 only be zero (when species i = clades iT ) or positive (when species i > clades iT (Dharmadhikari and Joagdev 1989) . Second, we calculated
using the 249 computational approach described in section 4.5.1.4 in Ferson et al. (2007) . This latter approach has no 250 distributional assumptions; it produces estimates of the maximum possible value of the variance that are 251 certain to enclose the true variance, but they are conservative in that they may be higher than the exact 252 maximum value (Ferson et al. 2007) . 253
254
Having calculated the maximum possible value of the contribution of spatial variation in net 255 diversification after time T to the current spatial pattern of species richness, one can now estimate the 256 maximum possible value of the ratio of spatial variance in to the overall spatial variance in 257 species richness:
We now turn to an empirical application 258 of our approach. 259
260
Study system and analysis 261
We focus on South America as a domain for our analyses because the continent contains regions with 262 To examine the influence of spatial grain size in our results, we quantified furnariid species richness 292 across South America using ten grain sizes from 1º×1º to 10º×10º, based on the geographical distribution 293 of species mapped at a resolution of 1º×1º. For each grain size we subsequently estimated, for the 165 294 time intervals defined above, (1) the maximum contribution of net diversification to current species 295 richness in an area (i.e., speĉies id ), and (2) the maximum spatial variance in species richness attributable 296 to net diversification rate (i.e., / Var[log(species i )] ). 297
298
Both approaches to estimating the maximum proportion of the variance in species richness attributable to 299 net diversification rate (see section on estimators above) produced similar trends relative to the time 300 intervals over which net diversification rates were measured. However, for small grain sizes the approach 301 based on Ferson et al. (2007) yielded lower values than that based on Dharmadhikari and Joagdev (1989) , 302 despite the fact that the former approach may yield overestimates. This difference suggests that the 303 assumptions required by the approach based on Dharmadhikari and Joagdev (1989) were not met. Thus, 304
for small grain size, we focus on results produced by following 
Contribution of net diversification to current species richness in an area 309
We found that for all grain sizes the maximum contribution of net diversification to species richness on have increased the number of species in an average 1º×1º area by a factor of >13, and may have done so 315 by a factor > 37 in an average 10º×10º area. In contrast, net diversification over the last 10 Ma did not 316 even double the number of species in most of the areas considered here (Figs. 2 and 3) . 317
The maximum contribution of net diversification to species richness was not uniform across the continent. 319
For example, while net diversification during the past 33 Ma multiplied the number of species in 320 sampling units in the tropical Andes by a maximum factor of 12 to 20 (depending of grain size), it only 321 multiplied species richness in sampling units in Eastern Brazil or the Southern Andes by a maximum 322 factor of 2 to 9 in the same time period (Fig. 3A, 3K and 3U ). Noticeable spatial variation in speĉies id , at 323 least for T ≥ 25 Ma (Fig. 3) , suggests that spatially variable net diversification rates may explain spatial 324 variation in current species richness. We examine this possibility next. 325 326
Spatial variance in species richness explained by net diversification rate 327
The maximum fraction of the spatial variance in species richness accounted by spatial variation in net 328 diversification rates also declined for all grain sizes as T was closer to the present (Fig. 4) . However, for 329 the period corresponding to the first half of the furnariid radiation (i.e., T ≥ 15.2 Ma), all spatial variance 330 in species richness could be accounted for by variation in diversification rate (Fig 4) . The time interval 331
(from T to the present) in which not all the spatial variance in current species richness could be accounted 332 for by the variance in net diversification rate was shorter when larger grain sizes were considered (15 Ma  333 in 1º x 1º, 7.5 Ma in 10º x 10º; Fig 4) . For values of T when only a fraction of the spatial variance in 334 current species richness could be accounted for by variance in species id (i.e., T < 15.2 Ma), diversification 335 tended to account for a lower proportion of variance in species richness at smaller grain sizes (Fig. 4) . 336
Indeed, the more reliable approach to estimating the spatial variance in species richness explained by net 337 diversification rate (i.e., the computational approach of Ferson et al. (2007); see methods) indicated that 338 the DRH can explain, at most, < 16% of this variance for T ≤ 10 Ma and < 2.5% for T ≤ 5 Ma (Fig. 4B) . 339
Thus, these results uncover stern upper limits to the explanatory power of the DRH, as applied to 340 diversification events taking place since the Late Miocene and to one of the most commonly used spatial 341 scales to characterize species richness patterns in biogeography and macroecology (1º x 1º). It is difficult to overemphasize the role that the definitions we used (see Definitions in Methods) play in 367 addressing the two quantitative questions on which our study focuses. In particular, equation 1 describes 368 how the species richness of any given area arises from three fundamental processes: speciation, 369 immigration, and extinction. We stress that this equation does not imply that speciation always occurs 370 within any single area, such as a 1º x 1º or 10º x 10º sampling unit. In other words, equation 1 does not 371 assume that speciation necessarily occurs at the spatial scale at which the richness pattern is measured. 372
Equation 1 simply formalizes the uncontroversial claim that a speciation event can potentially increase 373 species richness in any single sampling unit. This indeed happens when a speciation event is completely 374 contained within a sampling unit, but also (and arguably more often, especially so at the smaller spatial 375 grain we examined) when a speciation event partly overlaps a sampling unit (Fig. S1) . Similarly, equation 376 1 does not assume that extinction necessarily occurs at the spatial scale at which the richness pattern is 377 measured. The extinction term in equation 1 includes cases in which a species disappears from a sampling 378 unit but still occurs outside that sampling unit (i.e., local extirpation, in some cases caused by range 379 shifts), as well as cases of global extinction. 380
381
The approach we presented here is based on the assumption that it may often be virtually impossible to 382 answer accurately our two focal questions. This is because describing geographic details of speciation, 383 immigration, and extinction events that took place in the distant past is not feasible given that the 384 geographic distributions of species and clades may shift substantially over time. In terms of our 385 definitions, this means that the values of species iT and immigration i in equation 2 are unknown, unless an 386 exceptional fossil record is available (e.g. Jablonski et al. 2006 ). Accordingly, we focused on developing 387 estimators that provide biased answers to our two focal questions. Crucially, however, we have 388 demonstrated the direction of the bias is known, and therefore the estimators yield meaningful answers to 389 our study questions. In particular, these estimators yield maximum possible values for (1) the contribution 390 of net diversification over a given time period to current species richness in an area and (2) the spatial 391 variance in current species richness that can be explained by the spatial pattern of net diversification rate. 392
The bias in estimators needs to be considered by any empirical study adopting our approach, as we 393 illustrate in the remainder of the discussion. 394
395
The interpretation of our results must be appraised by considering the potential influence of immigration 396 on patterns of species richness. Range dynamics leading to immigration into sampling units, as well as 397 differential persistence of lineages outside and inside such units, may affect our estimate of the 398 contribution of spatial variation of diversification rates to the spatial variance in species richness. As 399 previously noted, speĉies id likely overestimates the contribution of diversification to current species 400 richness in sampling unit i because it is also affected by immigration events resulting in co-occurrence 401 within sampling unit i of species that diverged after time T. The likelihood of this happening increases 402 with T because the probability of change in geographic distributions leading to range overlap increases 403 with time (Losos and Glor 2003) . Thus, time windows defined by larger values of T would suffer from a 404 more severe upward bias in speĉies id as an estimate of species id . Therefore, the observed decline with T in 405 speĉies id, and in the estimated proportion of spatial variance in current species richness explained by 406 spatial variation in net diversification rate ( / Var[log(species i )]) may partly 407 reflect differences in the magnitude of bias introduced by immigration. Nevertheless, we emphasize that 408 while we cannot empirically assess the influence of immigration, the estimates we report here remain 409 meaningful as maximum possible values of species id and Var[Log (species id +1)] / Var[Log(species i )](see 410 methods). Therefore, our approach places upper limits on the explanatory power of the DRH even if one 411 cannot accurately estimate such power. Because our results reveal that the maximum explanatory power 412 of the DRH is reduced over recent times and small spatial grains, regardless of the unknown effects of 413 immigration we can safely conclude that spatial variation in net diversification rates over recent times is 414 not a sufficient explanation of spatial patterns of species richness, which are often the focus of 415 biogeographic and macroecological analyses. 416
The increased impact of diversification rate on the spatial richness pattern with increasing grain size is 418 consistent with the idea that speciation likely occurs most often within relatively large areas that allow for 419 geographic separation of populations (Coyne and Orr 2004; Kisel and Barraclough 2010; Losos and 420 Schluter 2000). Therefore, one would expect that as the size of spatial sampling units (i.e., grain size) 421 increases, sampling units slide along a continuum from "island-ness" to "province-ness" (sensu 422 Rosenzweig 1995) , such that species richness is increasingly dominated by the balance between 423 speciation and extinction events (i.e., species id ) at increasingly larger scales (Fig 2) . Alternatively, 424 because immigration rates may be higher in larger than smaller spatial units (Rosenzweig 1995) , it is 425 possible that our estimates of the contribution of diversification to spatial variance in species richness are 426 more strongly biased for larger than for smaller grain sizes owing to the unmeasured effect of 427 immigration on speĉiesi d. Again, these estimates are nonetheless valid as maximum possible values, and 428 the following discussion emphasizes their implications as such. 429
430
The link between diversification and spatial patterns of species richness can arise when localized 431 phenomena influence net diversification rate only within particular regions, including the emergence of 432 barriers promoting allopatric speciation, the occurrence of catastrophic events promoting extinction, or 433 the colonization of new areas or environments where lineages may diversify (Goldberg et al. 2011; Moore 434 and Donoghue 2007) . In these cases diversification would be structured spatially and would contribute to 435 spatial variation in species richness. For example, our analyses suggest that net diversification prior to 15 436
Ma could contribute substantially to variance in current species richness as measured with a grain size of 437 1º×1º latitude-longitude sampling units (Fig. 4) . This potential effect of net diversification on species (2006), which indicated that during times as recent as the Pleistocene, birds in the Neotropical highlands 466 experienced high diversification rates, whereas those in the lowlands did not. If such spatial variation in 467 diversification rates were indeed a general phenomenon, then our analyses suggest that it contributed 468 significantly only to the spatial patterns of species richness when measured at large spatial scales rarely 469 considered in macroecological studies (but see Rahbek and Graves 2001) . Our finding that the DRH is unable to explain spatial patterns of diversity at small grain sizes by invoking 487 diversification events since the Late Miocene relies heavily on the time frame of furnariid diversification 488 implied by molecular phylogenetic analyses being accurate (Derryberry et al. 2011 ). If the dates in the 489 phylogeny were positively biased (i.e., node age-estimates are older than they actually are), then the 490 explanatory power of the DRH would be even more limited than we calculated. Alternatively, if estimates 491 of dates in the phylogeny were negatively biased (node-age estimates are younger than they actually are), 492 then we would be underestimating the explanatory power of the DRH. More generally, even if the 493 empirical results in our particular study system are compromised by uncertainty in the temporal 494 calibration of the phylogeny, the approach we present to estimate the explanatory power of the DRH 495 would still be valid, and the empirical study would at the very least show how the DRH could potentially 496 be challenged based on a hypothetical example. 497
498
In conclusion, the approach we developed here allows evaluating the maximum explanatory power of the 499 DRH at different spatial scales of analysis and considering different time intervals. Our results indicate 500 that the DRH may play a major role in explaining current species richness patterns over large scales 501 because spatial and temporal variation in diversification rates may have left a long-term signal in 502 contemporary spatial patterns of furnariid species richness beyond playing a major role in establishing the 503 overall source pool of species. Indeed, to the extent that contemporary environmental factors vary among 504 sampling units with varying species richness, and considering that our analyses revealed that 505 diversification may account for considerable fractions of spatial variance in richness over large scales, our 506 work echoes suggestions that diversity-environment relationships may arise from large-scale evolutionary 507 processes (Kozak and Wiens 2012; Pyron and Wiens 2013; Ricklefs 2006a). However, our empirical 508 findings for furnariids also indicate that the role of the DRH as a major explanation is, at the very least, 509 restricted to richness patterns measured at large grain sizes, or to diversification rates measured before the 510 Late Miocene. Thus, our study uncovered important upper limits to the explanatory power of the DRH 511 and, in that way, contributes insight into the relative contribution of various factors to determining 512 geographical patterns of species richness. 513
514
The generality of the results reported here needs to be assessed by analyses of organisms with different 515 histories, such as groups in which recent colonization of South America was followed by rapid 516 diversification including not only birds (Barker et al. 2015) but also other organisms like plants (Hughes 517 and Eastwood 2006) and mammals (Webb 2006 ). More generally, we expect that additional studies 518 estimating the contribution of diversification to current spatial patterns of diversity will improve our 519 understanding of how speciation, extinction and immigration act in concert to shape the distribution of 520 biological diversity. 521 14 are shown as dots to the right of the phylogenetic tree, and maps below show speĉies id , i.e., the 677 contribution of net diversification to current species richness in each unit (see equation 5 in the text). All 678 lineages leading to the species occurring in sampling unit 7 diverged from one another before time T; 679 thus, diversification occurring after time T did not contribute to current species richness in this sampling 680 unit and speĉies id equals zero whereas clades iT equals five. In contrast, two pairs of species currently 681 occurring in sampling unit 14 diverged after time T (species B and D, and species F and G); here, 682 diversification after time T did contribute to current species richness. Because speĉies id equals 0.667 in 683 this case, one can conclude that diversification after time T increased diversity in this sampling unit by at 684 most 66.7%. The relatively high value of speĉies id in sampling unit 14 could also reflect immigration 685 events resulting in co-occurrence of species that diverged after time T, and not only the direct effect of net 686 diversification on the species richness of sampling unit 14. Note that speĉies id does not equal the average 687 net diversification rate (NDR) of the clades present in a sampling unit: because species C does not occur 688 in sampling unit 14, speĉies id is not equal to the average NDR of clades II, IV, and VI. 689 events. This speciation events increase richness in two and three sampling units respectively, outlined in 717 cyan. 718
